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Association of PKA with the AMPA receptor GluR1 subunit

via the A kinase anchor protein AKAP150 is crucial for

GluR1 phosphorylation. Mutating the AKAP150 gene to

specifically prevent PKA binding reduced PKA within

postsynaptic densities (470%). It abolished hippocampal

LTP in 7–12 but not 4-week-old mice. Inhibitors of PKA

and of GluR2-lacking AMPA receptors blocked single

tetanus LTP in hippocampal slices of 8 but not 4-week-

old WT mice. Inhibitors of GluR2-lacking AMPA receptors

also prevented LTP in 2 but not 3-week-old mice. Other

studies demonstrate that GluR1 homomeric AMPA recep-

tors are the main GluR2-lacking AMPA receptors in

adult hippocampus and require PKA for their functional

postsynaptic expression during potentiation. AKAP150-

anchored PKA might thus critically contribute to LTP in

adult hippocampus in part by phosphorylating GluR1 to

foster postsynaptic accumulation of homomeric GluR1

AMPA receptors during initial LTP in 8-week-old mice.
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Introduction

LTP is thought to underlie learning and memory (Martin et al,

2000; Bredt and Nicoll, 2003; Collingridge et al, 2004;

Malenka and Bear, 2004; Whitlock et al, 2006). PKA is critical

for the transcription-dependent late phase of LTP (Frey et al,

1993; Nayak et al, 1998; Winder et al, 1998) at the hippo-

campal CA3-CA1 synapse but its role in early LTP is less clear.

Regulation of various ion channels, including AMPA recep-

tors (AMPARs), by PKA depends on anchoring of this kinase

by specific AKAPs (Rosenmund et al, 1994; Wong and Scott,

2004). AKAP150, also called AKAP5, is the major AKAP that

recruits PKA to postsynaptic sites (Gomez et al, 2002; Wong

and Scott, 2004). Our earlier work shows that the postsynap-

tic scaffolding protein SAP97 directly binds to the AMPAR

GluR1 subunit (Leonard et al, 1998) and AKAP150, thereby

linking AKAP150 and the associated PKA to GluR1 (Tavalin

et al, 2002; Wong and Scott, 2004). Association of PKA via

AKAP150 and SAP97 with GluR1 is crucial for phosphoryla-

tion of GluR1 at S845 by PKA (Tavalin et al, 2002). This

phosphorylation stimulates postsynaptic accumulation of

GluR1-containing AMPARs during LTP (Esteban et al, 2003;

Oh et al, 2006).

About 8% of the AMPARs in 5- to 6-week-old rats are

GluR1 homomeric receptors (Wenthold et al, 1996). In con-

trast to the majority of AMPARs, which contain GluR2, these

AMPARs are Ca2þ permeable and inwardly rectifying due to

an intracellular pore block by spermine under depolarized

(outside negative) conditions (Bowie and Mayer, 1995;

Kamboj et al, 1995; Koh et al, 1995). These AMPARs are

temporarily functionally expressed to increase postsynaptic

AMPAR responses during various forms of synaptic plasticity

(Thiagarajan et al, 2005; Bellone and Luscher, 2006;

McCormack et al, 2006; Sutton et al, 2006). In 2-week-old

mice, the first 10–15 min of LTP are mediated by postsynaptic

incorporation of rectifying, GluR2-lacking AMPARs, which

are later replaced by GluR2-containing AMPARs (Plant et al,

2006; see also Figure 8 and Discussion, but see Adesnik and

Nicoll, 2007). At this young age LTP is partially dependent on

PKA (Wikstrom et al, 2003). GluR4 is expressed in the

hippocampus in young rodents (Jensen et al, 2003), albeit

at least in more adult mice at a rather low level (Wenthold

et al, 1996), and, like GluR1, accumulates at postsynaptic

sites upon activation of PKA (Esteban et al, 2003). It is

conceivable that PKA fosters accumulation of GluR4 or

GluR1 homomeric AMPARs during early LTP at this age.

To test whether PKA anchoring is required for synaptic

plasticity, we truncated the C-terminus of AKAP150 by 36

residues by introducing a stop codon in the mouse genome at

the respective position (D36 mice). These 36 residues bind to

and anchor the native dimers of type II regulatory R subunits

of PKA, with each RII subunit binding one catalytic C subunit

(Wong and Scott, 2004). RII subunit binding to various

AKAPs mediates most of the targeted PKA localization,

whereas RI subunits are anchored to a much lesser degree.

There are two isoforms of type II R (RIIa and RIIb) and two

isoforms of C (Ca and Cb) present in mice. The D36 mutation

does not disrupt the overall expression of AKAP150 and

leaves intact the identified binding sites for F-actin, calmo-

dulin, cadherin, PKC, calcineurin, and phosphatidylinositol-

4,5-bisphosphate (Gomez et al, 2002; Gorski et al, 2005).

We find that hippocampal LTP induced by a single tetanus

is normal in 4 but absent in 7- to 12-week-old D36 mice. We

show that inhibitors of PKA and of GluR2-lacking AMPARs

prevent LTP in hippocampal slices from 8 but not 4-week-old

WT mice. We conclude that AKAP150-anchored PKA criti-

cally contributes to LTP in the adult hippocampus, likely at

least in part via phosphorylation of GluR1 (Lee et al, 2003) to
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induce the functional availability of GluR1 homomeric

AMPARs at postsynaptic sites.

Results

Production and genotyping of D36 mice

We engineered a stop codon into the mouse AKAP150 gene to

truncate the last 36 residues, which constitute the PKA

binding site (see Supplementary data). For genotyping,

DNA was isolated from tail clippings. The 30 coding region

of AKAP150 was amplified by PCR and treated with XbaI to

detect whether one or both alleles contained the XbaI restric-

tion site. This site was only present in the newly created stop

codon in the D36 allele, which yielded cleavage products of

208 and 119 bp (Figure 1). Homozygous WT mice exhibited

only the uncleaved 327 bp band, whereas all three DNA

fragments were detectable in heterozygous mice (Figure 1).

Postsynaptic targeting of PKA by AKAP150

To quantify the level of PKA at postsynaptic sites, we

enriched postsynaptic densities (PSDs) from D36 and litter-

matched WT mice by subcellular fractionation using differ-

ential and sucrose gradient centrifugations (Carlin et al,

1980). Immunoblotting of the different fractions illustrates

that AKAP150 was prominent in the synaptosomal fraction,

which mainly contained pre and postsynaptic membranes

(Figure 2A, top; ‘Syn’). Extraction of this fraction with Triton

X-100 effectively solubilized presynaptic membranes but not

the core of PSDs (‘Tx-1’) (Carlin et al, 1980). PSDs were

further purified by sucrose gradient centrifugation. A second

extraction with Triton X-100 and subsequent ultracentrifuga-

tion yielded final PSD fractions (Carlin et al, 1980). The steep

enrichment of the Triton X-100-resistant specific PSD marker

PSD-95 and the complete loss of the presynaptic marker

synaptophysin documented the high quality of these PSD

preparations (Figure 2A, bottom). The presence of equal

amounts of PSD-95 in PSDs from D36 and WT mice served

as a second loading control in addition to our protein assay

Figure 1 Genotyping of AKAP150 D36 mice. The AKAP150
C-terminal coding sequence was amplified by PCR from tail DNA.
The resulting 327 bp product (þ /þ ) was treated with XbaI to
detect the restriction site that had been introduced by the creation of
the stop codon that truncated the last 36 amino acids of AKAP150.
The D36 but not the WT allele gave rise to a 208 bp fragment and a
119 bp fragment (�/�). Arrows indicate from top 327, 208, and
119 bp bands.

Figure 2 PKA is reduced in PSDs from D36 mice. (A) Subcellular
fractions were prepared from forebrains of WT and D36 mice that
were 8 weeks or older by differential centrifugation (P2), sucrose
gradient centrifugation (enriched for synaptosomes, Syn), extrac-
tion with Triton X-100 and subsequent sucrose gradient centrifuga-
tion to remove presynaptic material (Tx-I), and a second extraction
with Triton X-100 before ultracentrifugation to obtain purified PSDs
(PSD). A 10mg weight of total protein for each fraction (quantified
by bicinchoninic acid protein assay) was separated by SDS–PAGE in
parallel lanes for subsequent immunoblotting to monitor enrich-
ment of PSD proteins with increasing purification of PSDs. Panels
have been rearranged for clarity. (B) Immunoblot film signals were
quantified by densitometry (see Materials and methods). For each
individual protein, the signal was normalized against the WT signal
from the same experiment. Dark (WT) and light (D36) bars reflect
means7s.e.m. from three independent experiments. Five different
WT and five different D36 mice were used for each experiment.
S.e.m. values for WT signals were obtained by comparison with the
WT signal average from all three experiments for that protein. PSD-
95, GluR1, and AKAP150 levels are similar in WT and D36 PSD
fractions, but RIIa and RIIb are strongly reduced in D36 (asterisk:
Po0.01; t-test).
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(bicinchoninic acid), which ensured that identical amounts of

total protein were present in all fractions from WT versus D36

mice. Both methods thus indicated that the amount of PSD

material obtained from D36 versus WT mice was equal. The

strong decrease in AKAP150 content by the first Triton X-100

extraction might have been partly due to removal of a

substantial fraction of AKAP150 from PSDs. In support of

this notion, considerable portions of a number of postsynap-

tic proteins are removed from PSDs by Triton X-100, including

AMPARs and SAP97 (Valtschanoff et al, 2000; Sans et al,

2001; Vinade et al, 2003). Nevertheless, AKAP150 was con-

sistently detectable in the Tx-1 fraction and the synaptic

Triton-resistant AKAP150 pool enriched upon the second

extraction, supporting its association with PSDs.

The two RII isoforms, RIIa and RIIb, and the catalytic

subunit, Ca, showed a distribution similar to that of

AKAP150 in WT mice. They were prominent in Syn and RII

subunits were present at a reduced level in Tx-1 and PSD

(Figure 2A, middle). PKA subunits and especially C subunits

might be more susceptible to Triton extraction than

AKAP150, as Triton likely destabilizes binding of C to RII

and of RII to AKAP150. Consequently, Ca was not observable

in Tx-1 and PSD fractions. However, the nearly 60 and 90%

decrease of RIIa and RIIb, respectively, in the final PSD

fractions from 8-week-old D36 versus WT mice indicates

that AKAP150 is the main AKAP for targeting PKA to the

PSD (Figure 2). Hence other AKAPs, including yotiao, which

links PKA to the NMDA receptor (NMDAR) (Westphal et al,

1999), have a more modest role in recruiting PKA to the PSD.

Phosphorylation of GluR1 S845 and its postsynaptic

targeting under basal conditions

AKAP150 connects PKA to GluR1 for S845 phosphorylation

(Tavalin et al, 2002; Wong and Scott, 2004). A fraction of

GluR1 is phosphorylated on S845 under basal conditions

(Boehm et al, 2006; Oh et al, 2006). This fraction was

unchanged in 1, 4, and 8-week-old D36 mice as was the

total amount of GluR1 (Figure 3A and B). The enrichment of

GluR1 in the PSD fraction from WT mice was modest as

reported earlier (Sans et al, 2001; Vinade et al, 2003) and was

unchanged in D36 mice (Figure 2). Collectively, these experi-

ments demonstrate that GluR1, PSD-95, and C-terminally

truncated AKAP150 are present in PSDs from D36 mice at

WT levels, but PKA is reduced by more than 70%. GluR1

phosphorylation on S845 under basal conditions was unal-

tered in D36 mice, indicating that this phosphorylation does

not depend on anchored PKA. Only 10–15% of GluR1 are

actually phosphorylated on S845 under basal conditions

(Boehm et al, 2006; Oh et al, 2006), and it is unclear whether

this phosphorylation occurs at postsynaptic sites. It is con-

ceivable, perhaps likely, that a pool of unbound, freely

diffusible PKA has access to S845 mediating this basal

phosphorylation throughout the cell. PKA holoenzymes con-

taining regulatory RI subunits are in fact largely cytosolic and

Figure 3 Activity-induced but not basal phosphorylation of GluR1
S845 is reduced in D36 mice. (A, B) Forebrains from 1, 4, and 8-
week-old WTand D36 mice were solubilized with 1% deoxycholate
in the presence of phosphatase inhibitors and cleared by ultracen-
trifugation before immunoprecipitation of GluR1, and immunoblot-
ting with a S845 phosphospecific antibody, and after stripping with
a general anti-GluR1 antibody (A, top and bottom panels, respec-
tively). Immunosignals were quantified by densitometry (B). All
signals were normalized within one experiment to the 4-week WT
value. Bars reflect means7s.e.m. from three independent experi-
ments with three different WT (dark bars) and three different D36
mice (light bars). S.e.m. for 4-week WT signals was obtained by
comparison of the individual signals with the 4-week WT signal
average from all experiments. Comparable amounts of S845-phos-
phorylated and total GluR1 were present in WT versus D36 mice at
all age groups. (C, D) To chemically induce LTP, acute forebrain
slices from WT and D36 mice were treated with forskolin followed
by 5 min incubation with 30 mM Kþ and 0 Mg2þ . For control, slices
were treated for 15 min with vehicle (0.01% DMSO) followed by
5 min incubation with standard ACSF. Immunoprecipitation, immu-
noblotting (C), and densitometry were as above (D). All signals
were normalized within one experiment to the WT control value.
Bars reflect means7s.e.m. from three independent experiments
with three different WT (dark bars) and three different D36 mice
(light bars). Induction of S845 phosphorylation by forskolin/high
Kþ was significantly blunted in D36 mice (*Po0.05 compared with
WT treated with forskolin; t-test).

LTP requirement of PKA and GluR2-lacking AMPARs
Y Lu et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 23 | 2007 4881



anchored to a much lesser degree than RII subunits (Carlisle

Michel and Scott, 2002).

Phosphorylation of GluR1 S845 upon chemical

induction of LTP

Acute forebrain slices were control treated (15 min vehicle

followed by 5 min standard ACSF) or chemically potentiated

(15 min forskolin followed by ACSF containing 30 mM Kþ/0

Mg2þ ) to induce LTP at most synapses (Makhinson et al,

1999; Kopec et al, 2006) (see also Otmakhov et al, 2004). The

treatment increased S845 phosphorylation in WT and D36

slices (Figure 3C and D), but the increase was reduced by

44% in D36 slices. Hence, AKAP150 is important for optimal

phosphorylation of GluR1 by PKA under conditions that

induce LTP. Because LTP depends on phosphorylation of

S845 (Esteban et al, 2003; Lee et al, 2003; Oh et al, 2006),

we hypothesized that LTP is impaired in D36 mice. Such a

finding would establish a critical functional role for AKAP150

in postsynaptic signaling and specifically LTP.

Age-dependent effect of the D36 mutation on LTP

LTP induced by a 1 s/100 Hz tetanus was intact in 4–5 but

absent in 7- to 12-week-old D36 mice (Figure 4A and B).

Paired-pulse facilitation was virtually identical over a wide

range of interpulse intervals for D36 and WT mice within both

age groups (Figure 5A). These data suggest that the observed

LTP deficit in the older mice is due to a postsynaptic rather

than presynaptic mechanism (Zalutsky and Nicoll, 1990;

Foster and McNaughton, 1991; Schulz et al, 1994; Han et al,

2006; Pelkey et al, 2006). Stimulus–response curves were

obtained by plotting the initial slope of the field excitatory

post-synaptic potential (fEPSP) as a measure of the strength of

the postsynaptic response against the fiber volley amplitude,

which reflects the level of presynaptic activation. These

curves were not different for WT versus D36 mice

(Figure 5B). Amplitudes of AMPARs mEPSC were obtained

by whole-cell patch recording from acute hippocampal slices,

again with no change in D36 mice (Figure 5C and D).

Amplitudes of NMDAR mEPSCs are below the noise level

in acute hippocampal slices. To test whether NMDAR activity

is affected in D36 mice, we recorded fEPSPs with CNQX

present to eliminate AMPAR currents. Mg2þ was omitted to

remove its NMDAR block. This approach allows measure-

ment of NMDAR-mediated fEPSPs without activation of

AMPARs (Huang et al, 2006; see also Figure 6G–I). We

monitored presynaptic fiber volleys and subsequent

NMDAR fEPSPs using increasing stimulus strengths in hip-

pocampal slices from 8-week-old WT and D36 mice. The

fEPSPs were mediated by NMDAR as addition of the

NMDAR antagonist APV (20mM) eliminated any fEPSP re-

sponses in the presence of CNQX at the strongest stimulus

intensities applied (data not shown). Plotting initial slopes of

NMDAR fEPSPs against fiber volley amplitudes did not reveal

any significant difference in NMDAR responses between the

two genotypes (Figure 5E1).

We also performed whole-cell patch recordings of evoked

EPSCs (eEPSCs) before and after perfusion with APV in

hippocampal slices from 8-week-old WT and D36 mice. The

holding potential was þ 40 mV to remove the Mg2þ block of

NMDARs. In the absence of APV, eEPSCs are a combination

of AMPAR and NMDAR currents. Evoked EPSCs recorded

15 min after perfusion with APV decayed much faster

than eEPSCs before APV, indicating that the slow NMDAR

component was blocked by APV. Recordings with APV thus

yielded AMPAR currents and the difference between total

eEPSCs and those with APV NMDAR currents. The ratio

of their amplitudes and thus overall channel activity of

postsynaptic NMDAR was unaltered in D36 versus WT mice

(Figure 5E2). Accordingly, the lack of LTP in 7- to 12-week-

old D36 mice is not due to alterations in total NMDAR

current.

PKA is required for LTP in 8 but not 4-week-old mice

The abrogation of LTP in 7–12 but not 4- to 5-week-old D36

mice suggested an age-dependent requirement of PKA in LTP.

To systematically test this hypothesis, hippocampal slices

from 4 and 8-week-old WT mice were tetanized (1�1 s/

100 Hz tetanus) in the absence and presence of H89 and

KT5720, two structurally different inhibitors of PKA. Both

drugs inhibited LTP in 8 but not 4-week-old mice (Figure 6A–

D). Neither inhibitor affected baseline fEPSPs even during

prolonged application (Figure 6E and F). PKA can positively

Figure 4 LTP is affected in 7–12 but not 4- to 5-week-old D36 mice. LTP was induced by a single tetanus (1 s/100 Hz; arrows in B) in CA1 of
acute hippocampal slices from D36 and littermate-matched WT control mice. (A) Example fEPSP recordings before (dashed lines) and 60 min
after LTP induction (solid lines) from mice 4–5 (A1) and 7–12 weeks old (A2). (B) Averages of the complete time courses are shown from mice
4–5 (B1) and 7–12 weeks old (B2). At 4–5 weeks LTP is comparable in hippocampal slices from D36 and control mice (14574% s.e.m. versus
152711% at 55–60 min, open and closed circles, respectively). However, at 7–12 weeks LTP is nearly absent in D36 mice (11673%, open
circles; control mice, 14979%, closed circles; this difference is highly significant: Po0.001, t-test).
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modulate NMDAR activity (Skeberdis et al, 2006). To test

whether H89 and KT5720 affect NMDAR activity under our

conditions, we monitored fEPSPs in the presence of CNQX

and in the absence of Mg2þ (see Figure 5E1). Presynaptic

fiber volleys and the resulting NMDAR fEPSPs were recorded

with increasing stimulus strengths before and 20 min after the

onset of perfusion with H89 and KT5720. The initial slopes of

the resulting NMDAR fEPSP plotted against the fiber volley

amplitude did not show any significant difference in postsy-

naptic NMDAR response over the whole range of stimuli before

Figure 5 Basal synaptic transmission is normal in 4–5 and 7- to 12-week-old D36 mice. (A) Paired-pulse facilitation is virtually identical for
D36 and control mice within both age groups over the whole range of interstimulus intervals. (B) Input–output curves with the postsynaptic
response (initial slope of fEPSP) plotted as a function of the presynaptic fiber volley amplitude are indistinguishable between D36 and control
mice within both age groups. (C) Examples of AMPAR mEPSC recordings from WT (C1) and D36 mice (C2). (D) Cumulative fraction (D1),
histogram distribution (D1, insert), and overall average (D2) of mEPSC peak amplitudes (and frequencies; not illustrated) are virtually identical
in 8-week-old WT versus D36 mice. (E1) Field EPSPs were recorded in the presence of CNQX (10 mM) to block AMPAR and in the absence of
Mg2þ to eliminate NMDAR block by Mg2þ . Input–output curves with the postsynaptic NMDAR response (initial slope of fEPSP) plotted as a
function of the presynaptic fiber volley amplitude are indistinguishable between D36 and control mice at the age of 8 weeks. (E2) Ratio of
NMDAR- to AMPAR-mediated EPSCs in D36 mice (0.6170.08) is not distinguishable from WT (0.5770.06) at the age of 8 weeks (right panel).
Left panel shows recorded traces at þ 40 mV; black traces are the evoked EPSCs recorded under control condition; dark gray traces are the
AMPAR-evoked EPSCs recorded in the presence of 100 mM D-APV; light gray traces are the NMDAR-evoked EPSCs computed by subtraction of
AMPAR evoked EPSCs (dark gray trace) from the control-evoked EPSCs (black trace).

LTP requirement of PKA and GluR2-lacking AMPARs
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versus after application of PKA inhibitors (Figure 6G–I). These

results indicate that block of PKA does not affect overall

NMDAR current in this system. We confirmed that LTP

requires PKA at 8 weeks of age, using a membrane-permeable

version of the PKI inhibitory peptide. This peptide is derived

from the endogenous protein kinase A inhibitor (PKI) and is

highly specific for PKA. This peptide nearly abolished LTP in

slices from 8-week-old mice (Figure 6J).

Figure 6 PKA is necessary for LTP in 8 but not 4-week-old WT C57BL/6 mice. (A) Inhibition of PKA with H-89 (20mM in DMSO) does not affect
LTP in hippocampal slices from 4-week-old mice (15077% s.e.m., at 55–60 min) compared with vehicle control (0.025% DMSO; 148%74%).
(B) In-8-week-old mice, LTP is blocked by H-89 (10777% compared with 150711% for vehicle control at 55–60 min: Po0.01; t-test). (C, D)
Inhibition of PKA with KT5720 (1mM in DMSO) does not affect LTP in 4-week-old mice (C; 15179% at 55–60 min) compared with vehicle
control (0.1% DMSO; 155710%), but inhibits LTP at 8 weeks (D; 11074 versus 155710% for vehicle control; Po0.004; t-test). (E, F) Bath
application of H89 or KT5720 does not affect baseline fEPSP responses at 4 or 8 weeks over extended periods. (G–I) Field EPSPs were recorded
in the presence of CNQX (10 mM) to block AMPARs and in the absence of Mg2þ for full NMDARs currents. Increasing stimulus strength
increased fEPSPs to the point were population spikes started to appear (upward deflections in I at highest stimulus intensities; shown are fEPSP
responses of increasing amplitude with increasing stimulus strength). Input–output curves were not different for any stimulus strength before
versus after application of H89 or KT5720 at 4 (G) and 8 weeks (H). (J) At 8 weeks LTP is also blocked by the highly specific membrane-
permeable PKA-inhibitory peptide 11R-PKI (Matsushita et al, 2001) (10mM; 10773% compared with 14875% for the protease inhibitor only
control: Po0.0001). Arrows indicate tetanus (1 s/100 Hz); black bars show times of drug applications.
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GluR2-lacking AMPARs are required for LTP in 8 but not

4-week-old mice

Recent work indicates that LTP in 2- to 3-week-old mice and

rats depends on the temporary insertion of GluR2-lacking

AMPARs (Plant et al, 2006) (but see Adesnik and Nicoll,

2007). Furthermore, PKA is necessary for postsynaptic loca-

lization of AMPARs formed by ectopically expressed GluR1

during LTP in organotypic hippocampal slices (Esteban et al,

2003). These receptors are rectifying and lack GluR2. We

tested whether expression of LTP at 8 weeks depends on

GluR2-lacking AMPARs. Philanthotoxin (PhTx) inhibits both

GluR2-lacking AMPARs and NMDARs (e.g., Adesnik and

Nicoll, 2007). Hence we applied PhTx after LTP induction.

This strategy prevents maintenance of LTP in 2- to 3-week-old

mice and rats as observed by Plant et al (2006) (but see

Adesnik and Nicoll, 2007). PhTx reversed the initial potentia-

tion and completely inhibited LTP as quantified after 55–

60 min at 8 but not 4 weeks (Figure 7A and B). To further

scrutinize the requirement for GluR2-lacking AMPARs, slices

were incubated with the membrane-permeable spermine

derivative 1-naphthylacetyl spermine (NASPM), which selec-

tively inhibits GluR2-lacking AMPARs. Application of NASPM

before and during LTP induction or immediately after LTP

induction also inhibited LTP (Figure 7C and D).

GluR2-lacking AMPARs are required for LTP in 2 but not

3-week-old mice

Contrasting Plant et al (2006), Adesnik and Nicoll (2007) did

not observe that GluR2-lacking AMPARs are required during

the early phase of LTP. Both groups state that they used 2- to

3 –week-old mice and rats. Because we found that GluR2-

lacking AMPARs are required for LTP in 8 but not 4-week-old

mice (Figure 7) and that PKA inhibitors block LTP in 8 but not

in 4-week-old (Figure 6) and also not in 3-week-old mice

(data not shown), we hypothesized that a similar age depen-

dence applies to 2 versus 3-week-old mice. We used precisely

12–14 and 20- to 22-day-old C57BL/6 mice. LTP was induced

with 2 trains of 1 s/100 Hz stimuli, 20 s apart. PhTx and

NASPM significantly inhibited LTP by 60–80% in the 2 but

not 3-week-old mice (Figure 8).

Figure 7 GluR2-lacking AMPARs are necessary for LTP in 8 but not 4-week-old WT C57BL/6 mice. (A) Inhibition of GluR2-lacking AMPARs
with PhTx-433 (2.5mM) does not affect LTP in hippocampal slices from 4-week-old mice (14077% s.e.m., at 55–60 min) compared with
control (15075%). PhTx-433 has also no effect on baseline responses (10772%). (B) In slices from 8-week-old mice, PhTx-433 inhibits LTP
nearly completely (11375% compared with 146710% for control at 55–60 min; Po0.02; t-test) but has no effect on baseline (10579%).
(C) Inhibition of GluR2-lacking AMPARs with NASPM (20mM) does not affect LTP in hippocampal slices from 4-week-old mice (13975%
s.e.m., at 55–60 min, when NASPM is applied during stimulation; 13876%, when NASPM is applied after stimulation) compared with control
(14274%). NASPM has also no effect on baseline (11072%). (D) In slices from 8-week-old mice, LTP is inhibited by NASPM (11177% when
NASPM is applied during stimulation; 12077% when NASPM is applied after stimulation; t-test: Po0.003 and Po0.02, respectively, compared
with 15077% for control at 55–60 min). NASPM has no effect on baseline (10674%). Arrows indicate tetanus (1 s/100 Hz); bars show times of
drug applications starting before (black) or immediately after (open) tetanus.

Figure 8 GluR2-lacking AMPAR are necessary for LTP in 2 but not
3-week-old WT C57BL/6 mice. LTP was induced by two tetani (1 s/
100 Hz) 20 s apart in the CA1 area of acute hippocampal slices.
(A) In slices from 12- to 14-day-old mice, PhTx-433 (2.5mM)
and NASPM (20mM) inhibit LTP (11174% s.e.m. and 11973%,
respectively, compared with 15174% for control at 55–60 min; in
both cases, Po0.00005; t-test). (B) PhTx-433 and NASPM do not
affect LTP in hippocampal slices from 20- to 22-day-old mice (14373
and 15176%, respectively) compared with control (14476%).
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Discussion

We show that AKAP150-anchored PKA is critical for LTP in

7–12 but not 4-week-old mice under our conditions. LTP also

depends fully on PKA in 8–9 days and still partially in

2-week-old rats (Wikstrom et al, 2003; Yasuda et al, 2003).

Together these findings indicate two developmental switches

for PKA dependency. The first transformation occurs when

PKA dependency changes from an absolute at 8–9 days to

a partial requirement at 2 weeks of age and no requirement at

3 weeks (Y Lu and JW Hell, data not shown) and 4 weeks of

age (Figure 6A and C). The second transformation takes place

between 4 and 7 weeks, as PKA is again required at the latter

age for LTP induced by a single tetanus.

In agreement with our observations that PKA is critical for

LTP in 8-week-old mice, pharmacological or genetic interfer-

ence with signaling by PKA blocks early LTP in CA1 induced

by several stimulus trains of 1 s/100 Hz or theta burst stimu-

lation in rats and mice older than 5–6 weeks (Frey et al, 1993;

Blitzer et al, 1995; Winder et al, 1998; Woo et al, 2000; Duffy

and Nguyen, 2003). This inhibition of LTP by PKA blockers is

more modest in 5- to 6-week-old rats (about 70% inhibition;

Huang and Kandel, 1994) and further reduced if not absent in

3- to 5-week-old animals (Nayak et al, 1998; Lee et al, 2000).

Other factors such as the number of tetani also influence PKA

dependency (Huang and Kandel, 1994; Winder et al, 1998;

Wong et al, 1999; Bortolotto and Collingridge, 2000; Duffy

and Nguyen, 2003). The variations in the precise age, record-

ing conditions, and LTP induction protocols between these

studies preclude a stringent direct comparison among them.

Our systematic analysis shows that in C57BL/6 mice, and

under our conditions, single tetanus LTP depends on PKA at 8

but not 4 weeks of age. Although PKA dependency might be

more or less pronounced under other conditions or in other

mouse strains, our findings lead to the important conclusion

that mechanisms for LTP induction differ with age.

The age dependency of LTP on PKA and its anchoring by

AKAP150 at 4 versus 8 weeks shows similarities with the age

dependency on GluR1 (Zamanillo et al, 1999; Jensen et al,

2003) and phosphorylation of GluR1 on S845 (Lee et al,

2003); LTP is impaired in adult GluR1 S831/845A double-

knock-in mice and absent in GluR1 knock-out mice that are

older than 5 weeks. These defects are less pronounced in the

corresponding younger animals.

PKA and phosphorylation of S845 and potentially other

sites are important for accumulation of GluR1-containing

AMPARs at the cell surface and specifically at the synapse

during LTP (Esteban et al, 2003; Swayze et al, 2004; Sun et al,

2005; Oh et al, 2006; Man et al, 2007). PKA increases surface

expression of GluR1 by inhibiting internalization and promot-

ing recycling back to the plasma membrane after ligand-

induced endocytosis (Ehlers, 2000; Sun et al, 2005; Man

et al, 2007). AMPARs reach by lateral diffusion postsynaptic

sites, where mechanisms that require Ca2þ influx retain

receptors (Borgdorff and Choquet, 2002; Tardin et al, 2003).

An increase in the number of functional AMPARs at post-

synaptic sites is a critical mechanism in LTP (Bredt and

Nicoll, 2003; Collingridge et al, 2004; Malenka and Bear,

2004; Lisman and Raghavachari, 2006). Thus PKA-mediated

augmentation in GluR1 at the surface and ultimately post-

synaptic site likely contributes to LTP. AKAP150-anchored

PKA could therefore play an important role in LTP in 8-week-

old mice by fostering GluR1 phosphorylation on S845 and

thereby surface expression of GluR1-containing AMPARs.

The temporary functional expression of GluR2-lacking

AMPARs at postsynaptic sites is emerging as a common

mechanism in different forms of synaptic plasticity. In 2- to

3-week-old mice and rats, inward rectification and sensitivity

to PhTx increase during the very early phase of LTP (Plant

et al, 2006). GluR2-lacking AMPARs are replaced by GluR2-

containing AMPARs over the subsequent 10–20 min (Plant

et al, 2006). However, Adesnik and Nicoll (2007) did not find

that GluR2-lacking AMPARs are detectable or required during

the early phase of LTP in 2- to 3-week-old mice . Using mice at

more precisely defined ages, we now demonstrate that GluR2-

lacking AMPARs are necessary for LTP in 10–12 but not 20- to

22-day-old mice (Figure 8). These results explain the above

discrepancy if mice of Plant and co-workers were functionally

or de facto closer to our 2-week-old mice and mice of Adesnik

and Nicoll closer to our 3-week-old mice.

Postsynaptic expression of GluR2-lacking GluR1 homomeric

AMPARs requires phosphorylation of S845 by PKA in organo-

typic hippocampal slice cultures (Esteban et al, 2003). These

results were obtained upon overexpression of GluR1, which

leads to the formation of mainly homomeric GluR1 receptors,

and cannot be directly applied to the in vivo situation where

only a minority of GluR1 forms homomeric receptors.

However, they provide evidence for a critical role of PKA

and S845 in promoting postsynaptic accumulation of GluR1-

containing AMPARs during potentiation. GluR1 in general and

specifically its phosphorylation on S845 is important for LTP in

adult mice (Zamanillo et al, 1999; Jensen et al, 2003; Lee et al,

2003). Furthermore, GluR1 homomeric receptors are the main

if not the only GluR2-lacking AMPAR in adult rodents

(Wenthold et al, 1996). Our results that PhTx and NASPM

block LTP in 8-week-old mice thus indicate that at this age LTP

depends on the PKA-dependent postsynaptic expression of

GluR1 homomeric AMPARs during its initial phase.

Our findings show that LTP dependence on GluR2-lacking

AMPARs switches twice during development in parallel to the

PKA dependency. The first transformation happens when LTP

changes from a mechanism that depends on GluR2-lacking

AMPARs at 2 weeks to one that does not depend on GluR2-

lacking AMPARs at 3–4 weeks (Figures 7 and 8). The second

transformation occurs between 4 and 8 weeks of age as

GluR2-lacking AMPARs again become necessary at the latter

age. Together with the parallel change in PKA dependency of

LTP, our findings strongly argue that the LTP mechanisms

vary for different developmental stages. Accordingly, PKA and

GluR2-lacking AMPARs are important for LTP in 2 and again

8-week but not 3- to 4-week-old mice under our conditions.

However, this covariance in dependence on PKA and GluR2-

lacking AMPARs does not necessarily mean that molecular

mechanisms are identical at 2 and 8 weeks. Similar to GluR1,

postsynaptic clustering of GluR4 requires activity of PKA,

which phosphorylates S842 at the C-terminus of GluR4

(Esteban et al, 2003). This phosphorylation plays a role

analogous to S845 phosphorylation in driving GluR4 to post-

synaptic sites (Zhu et al, 2000; Esteban et al, 2003). GluR4 is

expressed in the hippocampus of young mice and rats until 6

weeks of age and declines thereafter to lower levels (Wenthold

et al, 1996; Jensen et al, 2003). In adult mice, homomeric

GluR1 receptors are therefore likely the main AMPARs that

mediate the early phase of LTP that depends on PKA and
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GluR2-lacking AMPARs. It is however possible that GluR4-

containg AMPARs contribute to LTP at P12–P14.

Association of PKA via AKAP150 and SAP97 with GluR1

is crucial for phosphorylation of GluR1 at S845 by PKA

(Leonard et al, 1998; Tavalin et al, 2002; Wong and Scott,

2004). Because AKAP150-anchored PKA is required for LTP at

8 weeks (Figure 4), we propose that PKA acts, at least in part,

by phosphorylating GluR1, thereby driving it to the postsy-

naptic sites of synapses that are undergoing LTP. This model

is not inconsistent with the observations that S845 phosphor-

ylation as well as the amount of GluR1 in PSD fractions is

unaltered under basal conditions in 8-week-old D36 versus

WT mice. Basal GluR1 surface expression is unaltered in

S831/845A knock-in mice, suggesting that without stimula-

tion surface expression is not controlled by S845 phosphor-

ylation (Lee et al, 2003). Furthermore, only 10–15% of GluR1

are phosphorylated on S845 under basal conditions (Boehm

et al, 2006; Oh et al, 2006). A small pool of unbound, freely

diffusible active PKA C subunit might have access to S845 for

basal phosphorylation, which might occur in intracellular

compartments or on GluR1/R2 heteromeric AMPARs, whose

subcellular distribution might depend less on GluR1 than

GluR2 phosphorylation (Chung et al, 2000; Daw et al, 2000;

Seidenman et al, 2003; Gardner et al, 2005; Lu and Ziff,

2005). Such scenarios would explain the lack of effect on

GluR1 distribution in GluR1 and AKAP150 mutant mice.

In support of a critical role of AKAP150 in PKA-mediated

GluR1 S845 phosphorylation, the substantial increase in this

phosphorylation upon chemical induction of LTP was blunted

by 44% in D36 mice (Figure 3C and D). We used forskolin

followed by high Kþ/0 Mg2þ to induce chemical LTP. This

protocol is perhaps the best suited protocol for chemical

induction of LTP without a requirement for any electrical

stimulation including test stimuli (Makhinson et al, 1999;

Otmakhov et al, 2004; Kopec et al, 2006). However, because

it directly activates adenylyl cyclase, we cannot be certain that

molecular changes, including S845 phosphorylation, are strictly

related to LTP. Changes could reflect LTP-specific mechanisms

as well as general responses to PKA activation. Nevertheless,

the results clearly show that activity-induced S845 phosphor-

ylation is blunted in D36 mice. Thus, PKA anchoring by

AKAP150 is important for S845 phosphorylation.

PKA controls other signaling cascades that are involved in

synaptic plasticity, further complicating the picture. For in-

stance, PKA phosphorylates inhibitor-1, which in turn inhi-

bits the protein phosphatase PP1, preventing it from

dephosphorylating a number of substrates of various ser-

ine/threonine kinases (Blitzer et al, 1998). Although we still

do not know all the mechanistic details that underlie LTP, the

absence of LTP in 8-week-old D36 mice indicates that PKA

anchoring by AKAP150 is a critical element in multiple

signaling cascades that govern long-term synaptic plasticity.

In conclusion, LTP at 2 and 8, but not 3–4 weeks, depends

on AKAP-150-anchored PKA and GluR2-lacking AMPARs.

LTP at 4 weeks likely invokes an alternate mechanism invol-

ving a more direct effect on postsynaptic delivery or retention

of GluR2-containing AMPARs than at the other ages. The two

switches before and after 4 weeks of age in LTP requirements

might reflect a general developmental change of the principal

CA1 neurons. During immature stages when neurons are not

ready to firmly establish the majority of their synaptic con-

nections, neurons might restrain LTP by augmenting require-

ments (here PKA and GluR2-lacking AMPARs). After a period

of heightened susceptibility to LTP, neurons might again

restrict LTP as the brain matures and stabilizes. In support

of this hypothesis, susceptibility to synaptic potentiation

varies at different developmental periods as for LTP and

synaptic scaling in the cortex (Crair and Malenka, 1995;

Kirkwood et al, 1995; Desai et al, 2002).

Materials and methods

Generation of AKAP150 mutant mice
All animal procedures had been approved by the University of Iowa
and followed NIH guidelines. To truncate the last 36 residues of
AKAP150, a stop codon was engineered into the mouse AKAP150
(AKAP5) gene, replacing the triplet encoding leucine at position 710
(see Supplementary data for more details). The neomycin phospho-
transferase gene used for positive selection was flanked by loxP
sites and removed by crossing the first generation of mutants to
mice expressing Cre recombinase. Resulting mice were backcrossed
eight times with WT C57BL/6 (Taconic Farms) to breed a nominally
499% genetic C57BL/6 background. Heterozygous breeder pairs
provided homozygous control and D36 mice.

Genotyping
DNA strands were isolated from supernatants of RNase A- and
Proteinase K-digested tail clips and used to amplify the 30 coding
region of AKAP150. The stop codon engineered into the mutant gene
to truncate AKAP150 residues also created an XbaI restriction site.
The primers 50-CCCACAGATACAGAGAAACCGAG-30 and 50-GGAAAC-
GAAGTCACTGGAACAGCG-30, respectively, correspond to sequences
upstream and downstream of the newly created stop codon. The
327 bp product was purified with PCR purification columns (Qiagen)
and digested with XbaI. Only alleles with the engineered stop codon
gave a cleaved product of 208 and 119 bp (Figure 1).

Isolation of PSDs, immunoprecipitation, and immunoblotting
PSDs were isolated on ice (Carlin et al, 1980) using five mice per
preparation. Briefly, forebrains were homogenized in 15 ml solution
A (0.32 M sucrose, 1 mM MgCl2, 1 mM HEPES, pH 7.0, plus protease
inhibitors; Leonard et al, 1998) and centrifuged (2500 r.p.m.,
10 min), and then pellets were re-extracted. Supernatants were
combined and centrifuged at low (2000 r.p.m., 10 min) and high
speed (20 000 r.p.m., 20 min) to obtain a synaptic membrane-
enriched pellet (P2). P2 was resuspended in solution A lacking
MgCl2, loaded onto a 0.85/1/1.25 M sucrose step gradient, and spun
(24 000 r.p.m., 2 h). The synaptosome fraction (Syn) at the 1/1.25 M
interface was treated for 15 min in 0.5% Triton X-100 and
centrifuged (24 000 r.p.m., 30 min). The pellet (Tx-1) was resus-
pended in solution A lacking MgCl2, loaded onto a 1/1.5/2.0 M
sucrose gradient, and spun (35 000 r.p.m., 2 h). The PSD-enriched
fraction at the 1.5/2.0 interface was treated once more with 0.5%
Triton X-100 and centrifuged (35 000 r.p.m., 1 h) to obtain purified
PSDs. Protein concentrations were determined with bicinchoninic
acid and 10 mg of total protein of each fraction analyzed by
immunoblotting (Leonard et al, 1998). Solubilization of GluR1 with
1% deoxycholate and the subsequent immunoprecipitation and
immunoblotting were described earlier (Leonard et al, 1998).
Chemiluminescent immunosignals were quantified (Adobe Photo-
shop) after digitalization by scanning films as described (Merrill
et al, 2007). Comparing signals from increasingly longer exposures
ensured that signals were in the linear range as described (Davare
and Hell, 2003; Hall et al, 2006). Signals for phosphorylated S845
were corrected for variations in total GuR1, which were never larger
than 10%. The following antibodies were used: anti-AKAP150
(Ndubuka et al, 1993), anti-PKA Ca (Ndubuka et al, 1993), anti-PKA
RIIa (Burton et al, 1999), anti-PKA RIIb (Burton et al, 1999), anti-
PSD-95 (Valtschanoff et al, 2000), anti-synaptophysin (Davare et al,
2001), and anti-GluR1 (Leonard et al, 1998). The phosphospecific
antibody against GluR1 phosphorylated on S845 was produced and
purified as described (Mammen et al, 1997).

Preparation of acute hippocampal slices
All mice were male. WT mice for testing inhibitors of PKA and
GluR2-lacking AMPAR were C57BL/6 (Taconic Farms). After
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decapitation, brains were rapidly removed, glued onto the plateau
of the slicing chamber, and immersed into ice-cold slicing buffer (in
mM: 127 NaCl, 26 NaHCO3, 1.2 KH2PO4, 1.9 KCl, 1 CaCl2, 2 MgSO4,
10 dextrose) saturated with 95% O2 and 5% CO2. Transverse
slices (350mM thick) were prepared with a vibrating microtome
(VT1000S, Leica Microsystems, Nussloch, Germany), kept in
oxygenated slicing buffer for 30 min at 341C and for another
30 min at 221C, and transferred to a submersion recording chamber
continually perfused with 321C oxygenated artificial cerebrospinal
fluid (ACSF; in mM: 127 NaCl, 26 NaHCO3, 1.2 KH2PO4, 1.9 KCl, 2.2
CaCl2, 1 MgSO4, 10 dextrose; rate: 2 ml/min). Slices were
equilibrated for at least 15 min before recording.

S845 phosphorylation in forebrain slices
Forebrain slices from 48-week-old WT and D36 mice were prepared
in parallel (see above), allowed to recover for 1.5 h at 221C,
transferred to submersion chambers with ACSF, equilibrated for
30 min at 301C, treated with either DMSO (vehicle control; final
concentration 0.01%) or forskolin (50mM) for 15 min, and trans-
ferred to a second chamber. For non-potentiated control samples, the
second chamber contained normal ACSF and for forskolin-treated
slices 30 mM Kþ and 0 Mg2þ , to allow chemical induction of LTP by
sequential forskolin/high Kþ/0 Mg2þ treatment (Makhinson et al,
1999). After 5 min in the second chamber, slices were extracted with
ice-cold 1% deoxycholate buffer for subsequent immunoprecipita-
tion and immunoblotting (see above).

Electrophysiology
ACSF-filled glass electrodes (resistance o1 MO) were positioned in
the stratum radiatum of area CA1 for extracellular recording.
Synaptic responses were evoked by stimulating Schaffer collaterals
with 0.1 ms pulses with a bipolar tungsten electrode (WPI Inc.,
Sarasota, FL) once every 15 s (Lim et al, 2003). The stimulation
intensity was systematically increased to determine the maximal
fEPSPslope and then adjusted to yield 40–60% of the maximal
(fEPSP) slope. Experiments with maximal fEPSPs of less than
0.5 mV or with substantial changes in the fiber volley were rejected.
After recording of a stable baseline for 15–25 min, LTP was induced
by one 1 s/100 Hz stimulus train unless stated otherwise. Drugs
were applied in perfusion buffer. N-[2-(p-bromocinnamylami-
no)ethyl]-5-isoquinolinesulfonamide (H-89, Sigma) and KT5720
(AG Scientific) were dissolved in DMSO (80 and 1 mM, respectively)
and diluted to a final concentration of 20 and 1mM, respectively,
immediately before perfusion. PhTx and NASPM (both Sigma) were
dissolved in water (1 and 10 mM, respectively). The PKI peptide
(RRRRRRRRRRRGFIASGRTGRRNAI) carried 11 arginines at the N-
terminus to make it membrane permeable (Matsushita et al, 2001;
Lim et al, 2003) (custom-synthesized by the WM Keck Biotechnol-
ogy Resource Center, Yale University, New Haven, CT, and purified
by HPLC). 11R-PKI was dissolved in water (1 mM) and diluted
before perfusion (final concentration: 10 mM); protease inhibitors
(PMSF, 35mg/ml; leupeptin, 10mg/ml; aprotinin, 10mg/ml) were
added to perfusion solutions for 11R-PKI and corresponding control
experiments to prevent degradation of the peptide.

Field EPSPs were recorded (AxoClamp 2B amplifier, Axon
Instruments, Foster City, CA), filtered at 1 kHz, digitized at 10 kHz
(Axon Digidata 1200), and stored for off-line analysis (Clampfit 9).
Initial slopes of fEPSPs were expressed as percentages of baseline
averages. In summary graphs, each point represents the average of
four consecutive responses. The time-matched, normalized data
were averaged across experiments and expressed as means7s.e.m.
For statistical analysis, the last 5 min in each measurement were
average and normalized to the average of the 5 min preceding LTP
induction before comparison with the corresponding control values.

Whole-cell recordings from pyramidal neurons in CA1 with a
holding potential at �70 mV provided mEPSCs. Patch pipettes
(3–6 MO) were pulled from KG-33 glass capillaries (1.1 mm I.D.,
1.7 mm O.D., Garner Glass Company, Claremont, CA) on a
Flaming–Brown electrode puller (P-97, Sutter Instruments Co.,

Novato, CA) and filled with internal solution (in mM: 125 K-
gluconate, 20 KCl, 10 NaCl, 2 Mg-ATP, 0.3 Na-GTP, 2.5 QX314, 10
PIPES, 0.2 EGTA, pH 7.3 adjusted with KOH). Slices were perfused
with ACSF. GABAA receptor currents were blocked with 50 mM
picrotoxin (Sigma), NMDAR currents with 10mM APV (Sigma), and
Naþ channel currents with 1mM tetrodotoxin (TTX, Sigma).
Recordings were made using an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA), filtered at 1 kHz, digitized at 10 kHz
via an Axon Digidata 1322A, and stored for off-line analysis. The
threshold for mEPSCs was set as 5 pA.

Evoked EPSCs (eEPSCs) were recorded at holding potential of
þ 40 mV to determine NMDAR to AMPAR current ratio. Kþ was
replaced by Csþ in the internal solution. Picrotoxin (50mM) was
added to ACSF for perfusion. Ten traces were recorded in the absence
of APV to determine the combined AMPAR and NMDAR eEPSCs.
Subsequently, 10 traces were recorded in the presence of 100mM APV
to determine AMPAR eEPSCs. The average NMDAR eEPSC amplitude
was calculated by subtracting the averaged AMPAR eEPSC from the
averaged combined AMPAR/NMDAR eEPSC.

Note added in proof
O’Dell and colleagues recently found that LTP induced by two
1s/100 Hz tetani 10 s apart in 8-week-old wild-type C57Black/6 mice
is not sensitive to inhibitors of GluR2-lacking AMPAR (Gray EE,
Fink AE, Sarinana J, Vissel B, O’Dell TJ (2007) LTP in the
hippocampal CA1 region does not require insertion and activation
of GluR2-lacking AMPA receptors. J Neurophysiol, in press). We
observed under our conditions using a single tetanus that the
resulting LTP does require GluR2-lacking AMPAR (Figure 7). We
tested whether the use of one versus two tetani constitutes a critical
difference. In fact, in our hands, LTP induced by the two tetani
protocol yields LTP that is not sensitive to inhibition of GluR2-
lacking receptors and also not to inhibition of PKA (Supplementary
Figure 2). We suggest that under our conditions using mild, perhaps
more physiological induction protocols, LTP depends on both
GluR2-lacking AMPAR and PKA, whereas stronger stimuli recruit
other signaling mechanisms that render LTP induction independent
of GluR2-lacking AMPAR and PKA.

Two other recent publications provide further support for a
critical role of GluR1 S845 phosphorylation in two different forms of
LTP induced by modest stimuli: (A) Hu H, Real E, Takamiya K, Kang
M-G, Ledoux J, Huganir RL, Malinow R (2007) Emotion enhance
learning via norepinephrine regulation of AMPA-receptor traffick-
ing. Cell 131, 160–173; (B) Seol GH, Ziburkus J, Huang SY, Song L,
Kim IT, Takamiya K, Huganir RL, Lee H-K, Kirkwood A (2007)
Neuromodulators control the polarity of spike-timing-dependent
synaptic plasticity. Neuron 55, 919–929. Hu et al further show that
fear conditioning depends also on S845 phosphorylation when mice
were exposed for relatively short time periods to the conditioning
environment (2 min). It does not require S845 phosphorylation
when mice were exposed for 8 min. It thus appears that S845
phosphorylation is important for both LTP and fear conditioning
under conditions of limited stimulation but stronger stimuli or
extended conditioning can circumvent this requirement.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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